Background: Intraflagellar transport (IFT) is a motility process operating between the ciliary/flagellar (interchangeable terms) membrane and the microtubular axoneme of motile and sensory cilia. Multipolypeptide IFT particles, composed of complexes A and B, carry flagellar precursors to their assembly site at the flagellar tip (anterograde) powered by kinesin, and turnover products from the tip back to the cytoplasm (retrograde) driven by cytoplasmic dynein. IFT is essential for the assembly and maintenance of almost all eukaryotic cilia and flagella, and mutations affecting either the IFT motors or the IFT particle polypeptides result in the inability to assemble normal flagella or in defects in the sensory functions of cilia. Results: We found that the IFT complex B polypeptide, IFT27, is a Rab-like small G protein. Reduction of the level of IFT27 by RNA interference reduces the levels of other complex A and B proteins, suggesting that this protein is instrumental in maintaining the stability of both IFT complexes. Furthermore, in addition to its role in flagellar assembly, IFT27 is unique among IFT polypeptides in that its partial knockdown results in defects in cytokinesis and elongation of the cell cycle and a more complete knockdown is lethal. Conclusion: IFT27, a small G protein, is one of a growing number of flagellar proteins that are now known to have a role in cell-cycle control.
Introduction
Structurally, the cilium, or flagellum (interchangeable terms), consists of a microtubule-based axoneme surrounded by a specialized plasma membrane. The axoneme is assembled onto the basal body, a microtubule-organizing center derived from the centriole [1] . The assembly and maintenance of cilia depend on intraflagellar transport (IFT), a motility process that occurs between the flagellar membrane and the axoneme [2] , transports flagellar precursors bound to IFT particles to their site of assembly at the distal tip, and returns turnover products from the ciliary tip to the cell body [3] . IFT particles are composed of two large protein complexes, A and B, which contain approximately 6 and 11 polypeptides, respectively [4] .
The requirement of IFT for assembly and maintenance of eukaryotic cilia was revealed by analysis of mutations in the genes encoding IFT polypeptides and in the motors that move them [5, 6] . Some of these mutants were first generated in the biflagellate alga Chlamydomonas by insertional mutagenesis, in which flagelladefective mutants were screened to identify clones with deletions of genes encoding IFT polypeptides or motors. Such mutants had no, or very short, flagella [7] [8] [9] [10] . Many Chlamydomonas IFT mutants were obtained in this fashion, but IFT27 mutants were not found after several attempts, hinting that such mutations were lethal. IFT27 was of particular interest because it is a Rab-like small G protein, without the protein-protein interactive motifs characteristic of other IFT polypeptides [11] . In this paper, we show, by using RNAi, that in addition to causing flagellar defects, a partial reduction of IFT27 inhibits cell division and a severe reduction of IFT27 expression is lethal. The block in cell division appears to occur prior to or during cytokinesis because many cells contained duplicated nuclei but failed to separate. In addition, progression through the cell cycle in cells expressing small amounts of IFT27 was three or more times longer than in wild-type cells. IFT27 is, therefore, unique among the IFT polypeptides analyzed to date in that it is required for cell division and cell-cycle progression. Recently, two Neks (NIMA-related expressed kinases) that are components of the flagella and basal bodies were also shown to be involved in cell-cycle control [12, 13] . Likewise, mutations in polycystic kidney disease (PKD) gene products, polycystins 1 and 2, found in the ciliary membrane, are known to promote cell division. IFT27, the Neks, and polycystins are, therefore, among the first ciliary/flagellar proteins shown to be involved in cell-cycle control.
Results

IFT27 Is a Rab-like G Protein
To identify the gene encoding IFT27, we excised IFT27 from an SDS-PAGE gel and subjected it to MALDI-TOF sequencing (University of Massachusetts Medical School Proteomic Mass Spectrometry Laboratory). The resultant peptide sequences were used for searching the Chlamydomonas EST database and identified the predicted protein Chlre3:129193. The predicted cDNA was confirmed by sequencing of an RT-PCR product, and that was found to contain a 615 bp open reading frame encoding IFT27. (See the Experimental Procedures in the Supplemental Data available with this article online for details.)
Sequence alignments indicated that IFT27 is a Rablike GTPase, distantly related to Rab proteins from mammals; the closest human ortholog identified in a BLAST search was a Rab-like protein gi30582469, RabL4 [14] , E value = 3e
228 . IFT27 orthologs are present in the genomes of zebrafish, mouse, and human, but no cellular function has been assigned to IFT27 in any species. IFT27 contains all five Ras-GTPase consensus sequences ( Figure 1 ) that are essential for GDP/GTP binding and GTPase activity [15] . A GTP-binding assay also confirmed that IFT27 can bind GTP and that binding is blocked by GDP (data not shown). However, IFT27 sedimented at 16S with other IFT particle proteins in spite of the addition of the following combinations: GTPgS, GTPgS plus AMPPNP, GTPgS plus ATP, GDP plus AMPPNP, or GDP plus ATP in the membrane plus matrix extract (data not shown). It is likely, therefore, that IFT27 is constitutively associated with IFT particle complexes in either its GDP-or GTP-bound states. Furthermore, almost all the IFT27 in the membrane plus matrix cosediments with IFT particles ( Figure S1 ) so if IFT particles are regulated by binding and releasing IFT27, this does not appear to occur in the flagella.
Generally, Rab proteins associate with cellular membranes through a prenyl (geranylgeranyl) group that is added after translation to a C-terminal prenylation motif containing one or, more frequently, two cysteine residues. Chlamydomonas IFT27 contains a prenylation motif ( Figure 1) ; however, none of the IFT27 orthologs in zebrafish, mouse, or human contains such a motif. Prenylated Rab proteins are hydrophobic and separate into the detergent phase after a Triton X-114 partition. In contrast, flagellar IFT27 remained in the aqueous phase, indicating that it is not lipid modified.
IFT27::GFP Distribution and Movement Is Similar to that of Other IFT Particle Proteins GFP-tagged IFT27 transgene strains were generated to visualize the motility of IFT27 in the flagellum. IFT27::GFP was present in flagella of the transgene strains ( Figure 2A ) and cosedimented on sucrose density gradients with other IFT particle proteins, including native IFT27 (Figure 2B) . The total amount of IFT27 (IFT27::GFP plus native IFT27) in flagella from IFT27::GFP cells remained at the same level as native IFT27 alone in wild-type flagella, indicating that the stoichiometric level of IFT27 in an IFT particle is tightly controlled. When examined by immunofluorescence microscopy ( Figure 2C ), the flagellar distribution of IFT27::GFP overlapped with IFT74/72, and in the cell body, IFT27::GFP was localized principally around the basal bodies in a pattern similar to that of FLA10 and other IFT proteins.
As expected for an IFT particle protein, time-lapse fluorescent microscopy showed IFT27::GFP undergoing typical IFT bidirectional transport in the flagella ( Figure 3 and Movie S1). The anterograde velocity (mean 6 SD) was 1.93 6 0.33 mm/s (136 particles), and the retrograde movement was 3.28 6 0.76 mm/s (111 particles), comparable to the IFT velocities obtained in Chlamydomonas reinhardtii with DIC microscopy (anterograde: 2.2 6 0.46 mm/s, 32 particles; retrograde: 3.1 6 0.51 mm/s, 29 particle; Movie S2) [16] . Most IFT27::GFP particles move continuously and only change their direction at the flagellar tip, although occasionally an anterograde IFT particle changes its direction before reaching the tip ( Figure 3B , arrowheads).
IFT27 RNAi Knockdown Cells Show Defects in Cell Division
Because we could not find a null IFT27 mutant by screening several flagellar-defective mutant libraries [7, 8, 17] , RNA interference (RNAi) was used to analyze the effect of IFT27 depletion on Chlamydomonas. Initially, we generated IFT27 knockdown cells by using an RNAi construct comprising almost the full-length IFT27 gene (RNAi-1). Later, to minimize the possibility that a nonrelated Rab gene was nonspecifically targeted by the RNAi-1, we made a second construct (RNAi-2) including only the first exon of the IFT27 gene. This sequence shows very limited similarity to any other Ras protein in the genome of Chlamydomonas ( Figure S2 ).
The results of IFT27 knockdown, obtained from five transformation experiments (four with RNAi-1 and one with RNAi-2), indicated that IFT27 was essential for cell growth. Many clones of transformants grown on plates initially appeared as tiny green colonies but then turned yellow and died. Moreover, some colonies from the original transformation plates could not be subcultured in solid or liquid media. For example, in the transformation with RNAi-2, of 70 colonies that grew on selective plates, 15 (21%) failed to grow after transfer to fresh plates. Thirty-seven clones were transferred to liquid media and eight (22%) failed to grow. Of the remaining 29 clones, 17 (59%) showed reduced levels of IFT27 on immunoblots of whole-cell extracts, and at least eight of these grew very slowly compared to wild-type cells and had a wide range of division defects ( Figure 4C ).
Several IFT27 knockdown clones were chosen for detailed analysis, and data for Ri 9-34 (RNAi-1) and 4-1-8 (RNAi-2) are shown. Both clones grew slower than wild-type cells ( Figure 4A ). This was especially true for Ri 9-34, which had the least amount of IFT27. The RNAi silencing effects on IFT27 imposed by RNAi-1 and RNAi-2 appeared to be unstable; thus, the IFT27 protein levels partially recovered in both knockdown clones during culture in liquid media over a period of days. Immunoblots of whole-cell extracts showed that IFT27, which was at low levels on day 1, recovered to approximately 60% of wild-type levels by day 5 in Ri 4-8-1 ( Figure 4B ). Ri 9-34 recovered more slowly and as the IFT27 level increased, the growth rate also partially IFT27 contains all five G domains required for GDP/GTP binding and GTPase activities, which are conserved across the Ras superfamily of small G proteins. The IFT27 sequence is shown in darkened boxes, and below the consensus sequences are listed where ''X'' is an unspecified amino acid and (X)n represents a sequence of indeterminate length. The possible lipid modification motif at the C terminus is also highlighted. recovered ( Figure 4A ). The growth rate of the knockdown cells correlated with the amount of IFT27 present, indicating that the reduced IFT27 is the likely cause of growth inhibition.
In the above experiment, the cells were not under selective pressure to express IFT27 RNAi. The plasmid used for RNAi-2 included an RNAi construct to knock down Maa-7 and thereby conferred resistance to 5-fluoroindole on transformants [18] . When Ri 4-1-8 cells were cultured in liquid medium in the presence of 2.5 mM 5-fluoroindole, they failed to increase in density after 2 weeks. Thus, although IFT27 RNAi cells grown without selection gradually recovered both IFT27 expression and the ability to divide, when RNAi expression was maintained by negative selection, cell growth was repressed.
Cell-division defects were prominent in IFT27 RNAi cells, as can be seen from the representative DIC images shown in Figure 4C . Cells from day 3 in the above growth-curve experiments were used for detailed phenotypic analysis. In contrast to wild-type cells, which contain one nucleus and one pair of flagella, 14% of Ri 9-34 cells had more than one nucleus; 26% were in large, irregular clumps, apparently because of incomplete cytokinesis; 2% had one nucleus but two sets of flagella, which were likely generated through asymmetric cell division; and 7% were highly vacuolated, apparently undergoing cell death as the consequence of aberrant cell division ( Figure 4D ). Dead cells were commonly seen in this culture, something not seen in wild-type cultures of similar density or in cultures of IFT52 RNAi knockdown cells (see below). Thus, the phenotypes of the IFT27 RNAi knockdown cells strongly support the conclusion that IFT27 plays an important role in cell division.
Additional evidence for a role of IFT27 in cell division was noted in cells expressing IFT27::GFP. Though some strains had no obvious growth defects, other strains, in which expression of native, untagged IFT27 was reduced, showed division defects similar to those seen in the IFT27 RNAi cells ( Figure S3 ). The severity of the phenotype paralleled the level of native IFT27 expression. By following individual cells immobilized in agarose, we found the time between cell divisions to be more than 48 hr in 90% of the cells compared to 12-14 hr for wild-type cells ( Figure S3 ), indicating that in addition to its role in cytokinesis, IFT27 also is involved in regulation of the cell cycle.
IFT27 RNAi Knockdown Cells Show Defects in Flagellar Assembly
Because mutations affecting other IFT proteins result in no, or very short, flagella, we expected that IFT27 RNAi knockdown cells would lack flagella. Flagellar lengths of Ri 9-34 cells from day 5 of Figure 4A , in which IFT27 was approximately 20% of the wild-type level, are shown in Figure 5A (see also Figure S4 ). Although some cells had full-length flagella, the mean flagellar length was slightly shorter than that of the wild-type and, more strikingly, 20% of the cells had flagella of 5 mm or less (Figure 5A) . Furthermore, only approximately 60% of the cells possessed flagella compared to 89% of wild-type cells. These results suggest that insufficient amounts of IFT27 impair the capacity of IFT to build normal-length flagella.
The reason why many of the IFT27 knockdown cells had flagella could be that in a population with heterogeneous expression levels of IFT27, flagella may form on cells that have more than a threshold amount of IFT27. When flagella were isolated from IFT27 knockdown cells and probed on immunoblots, the level of IFT27 was indistinguishable from that of wild-type flagella (Figure 5C) . Thus, the flagella that formed in IFT27 knockdown cells had a normal complement of IFT27.
Other flagellar defects were seen in IFT27-depleted cells: After 3 days in culture, 8% of the flagellated Ri-9-34 cells had flagella of unequal length ( Figure 5B ); 13% had a single flagellum; and 18% had flagellar positioning defects, with flagella positioned abnormally around the cell body ( Figure 5B ) instead of at the anterior of the cell ( Figure 4C ). These positional defects may arise secondarily from aberrant cell division.
We examined the level of several additional IFT particle proteins by immunoblotting whole-cell extracts of IFT27 knockdown clones. Surprisingly, all IFT particle proteins tested, including proteins of both complex A and B ( Figure 4B , and IFT52 and IFT81, data not shown), were dramatically decreased when IFT27 was knocked down and increased in parallel with IFT27 as it recovered during culture ( Figure 4B ). In contrast, the IFT motor FLA10 remained at the wild-type level throughout despite the decrease of IFT particle proteins. Thus, IFT27 appears to be involved in maintaining the expression level of the other IFT particle proteins.
IFT52 Knockdown Does Not Affect Cell Division but Does Affect Flagellar Assembly
As a control for RNAi knockdown of IFT27, RNAi knockdown of the expression of IFT52, another complex B polypeptde, was used. Results from several IFT52 knockdown clones are shown in Figure 6 . Although the level of IFT52 in these clones was 40%-20% of wildtype levels ( Figure 6A and data not shown), they all grew as well as wild-type cells ( Figure 6B ) and showed no defects in division. Inhibition of division in IFT27 knockdown cells, therefore, is specific to the IFT27 RNAi construct, not a biproduct of RNAi.
The flagellar phenotype of IFT52 knockdown cells was very similar to that seen in the IFT27 knockdown cells: At day 4 of growth ( Figure 6B ) the mean flagellar length was approximately 80% of wild-type and more cells had short flagella ( Figure 6C and Figure S4 ). It appears, therefore, that even though cells lacking IFT52 (bld1) cannot assemble flagella [10] , flagellar assembly does occur in partial knockdowns of IFT52.
The effect of the IFT52 knockdown on other IFT proteins was analyzed on immunoblots of whole-cell extracts ( Figure 6A ). Several IFT complex B proteins were reduced in IFT52 RNAi clones, but IFT27 and complex A protein IFT139 were not. This relationship holds true in several mutants affecting IFT proteins: In mutants lacking IFT88, IFT52 (Figure 6D ), or IFT46 (Y. Hou and G. Witman, personal communication), the level of IFT27 is unchanged, although the levels of several other complex B proteins are reduced along with the mutant protein. Thus, IFT27 appears to be unique in that its concentration has a global effect on the levels of complex A and B proteins, but its level is not affected by the loss of other complex B proteins.
Discussion
In this report we show that IFT27, one of the ''core'' polypeptides of IFT particle complex B [19] , is a Rab-like small G protein. GFP-tagged IFT27 moves at the rate of IFT in both anterograde and retrograde directions in the flagella, and it cosediments on sucrose gradients and colocalizes by immunofluorescence with the other IFT polypeptides in the flagella and around the basal bodies. These are all constant features of IFT polypeptides. However, like other Rab proteins, IFT27 has none of the numerous protein-protein interacting motifs characteristic of other IFT polypeptides [11] . In addition, unlike other IFT proteins, no ortholog of IFT27 was identified in the genomes of C. elegans or Drosophila. In these organisms, the cells requiring IFT for ciliary assembly are sensory neurons at an end-state in differentiation and, therefore, are nondividing, consistent with IFT27 being related to cell proliferation. Functionally, IFT27 is unlike any of the other IFT polypeptides described so far [5, 6] : In addition to its role in flagellar assembly, IFT27 is required for the normal completion of cell division.
This division phenotype is specific to IFT27 depletion. Cosuppression of related genes is a potential hazard of RNAi technology, especially when dealing with a member of a super-family like Ras. However, the 5 0 fragment of the IFT27 cDNA used for making the double-stranded RNA shared little similarity to other Ras cDNAs in Chlamydomonas so it is unlikely these homologs were affected. The specificity of the observed phenotype to IFT27 was corroborated by a second, complementary technique: Cells expressing IFT27::GFP, in which native IFT27 was reduced, displayed the same division defects seen in the IFT27 RNAi cells (see Figure S3 for details). Thus, this phenotype was not due to cosuppression of a spurious target gene by RNAi.
As a member of the Rab family, IFT27 may play a direct role in the final stages of cytokinesis because some members of the Rab family are involved in the vesicle trafficking required to complete this process. Human Rab35 [20] , for example, regulates membrane flux needed for the final abscission of dividing cells, and Rab5 and Rab11 may also be active in this process. With this in mind, it is of interest that unlike in the flagellum where all of the IFT27 sediments with complex B proteins, in the cell body approximately half of the soluble IFT27 does not cosediment with complex B (H.Q. and J.R., unpublished data). Therefore, a portion of the IFT27 in the cell body might have a role in cytokinesis, apart from its role in flagellar assembly.
The phenotype of IFT27-depleted cells is reminiscent of the phenotype seen when a maternal centriole protein, centriolin, is silenced [21] because both proteins appear to affect cytokinesis. Interestingly, centriolin is localized to the maternal centriole [21] from which a primary cilium is assembled and previously shown to function in membrane trafficking in cytokinesis [22] . Given that IFT27 is a Rab-like small GTPase, it may function in membrane dynamics in the final stage of cytokinesis.
Incomplete or asymmetric cytokinesis can account for many of the defects seen in IFT27-depleted cells including aberrant numbers of flagella, basal bodies, and nuclei and could also contribute to retarded growth and increased cell death. However, the very slow growth of IFT27 knockdown cells under continued selection and the death of many RNAi clones suggest that IFT27 has another role in the cell cycle. Indeed, the length of time between divisions for cells expressing IFT27::GFP, in which expression of native IFT27 was reduced, was three or more times as long as that for wild-type cells.
The effect of IFT27 on the cell cycle could be mediated through its affect on flagella. A wide variety of channels, receptors, and signaling molecules have been identified in cilia. Recently, it has been shown that the TRPV channels in the sensory cilia membranes in C. elegans move within the plane of the membrane, a movement powered by the IFT system underlying the membrane [23] . In such a situation, rather than being associated with vesicle motility or fusion as described for many Rabs, IFT27 would be associated with a planar ciliary membrane as an IFT particle component. The movement and/or placement of such channels may affect cell division in some way that is dependent on IFT27.
Cilia house cell signaling components including elements of the sonic hedgehog pathway involved in early vertebrate development [24] and polycystin 1 and 2, the defective gene products of autosomal dominant polycystic kidney disease (ADPKD). In the latter case, the polycystins compose cation channels positioned in the membranes of the mechanosensitive primary cilia of kidney tubules [25, 26] . Mutations in the polycystins, their failure to target to cilia, or the inability to assemble cilia result in uncontrolled cell division and PKD (reviewed in [27] ). This pathway demonstrates another link between the primary cilia and cell-cycle control.
There are several reports that suggest a role for the cilium in the control of the cell cycle based on the fact that most vertebrate cells have primary cilia in the G0/G1 phase of the cell cycle and that these cilia are resorbed during the G1 phase or before or during S phase [28] . The implication in these reports is that exiting the G0 or passing through mitosis may depend on the resorption of cilia, at least in part to allow the basal body/ centriole to participate in spindle formation. However, no causal relationship has ever been demonstrated between ciliary resorption and mitosis [28] .
Results from Chlamydomonas suggest a key role for ciliary loss prior to cell-cycle completion. Two Neks (a family of cell-cycle-related kinases [29] ), Fa2p and Cnk2p [28, 12] , which are localized on the ciliary apparatus (i.e., basal bodies and/or axonemes), function in normal ciliary resorption and in cell-cycle progression [28] . The kinase Fa2p plays a role in flagellar resorption/detachment that occurs prior to cell division and also affects the G2/M transition of the cell cycle [30] . Likewise, the flagellar Nek Cnk2p affects the regulation of flagellar shortening and cell size [12] . Both kinases and IFT27 may be in the same signaling pathway, ultimately affecting the cell cycle.
Other ciliary proteins that may have a role in cell-cycle control are inversin [31] , Bardet-Biedl Syndrome 4 (BBS4) [32] , centrin [33, 34] , and katanin [35] [36] [37] . Inversin, an Anaphase Promoting Complex (APC)-binding protein is found in the cilium, but the relevance of this localization to the cell-cycle control is still unknown [31] . BBS4, which is related to a number of developmental pathologies, is localized principally at the basal body/ centriole [38] . Cytologically, the depletion of BBS4 by RNAi results in disorganization of the cytoplasmic microtubule network [32] , possibly because of primary effects on the ability of the basal body/centriole to organize microtubules, and, more importantly, the cells cannot complete cell division [32] . Because both BBS and IFT27 affect cell division, and because the ciliary basal body where they are localized will ultimately form the poles of the mitotic apparatus [39] , the centriole/centrosome will probably be the most important organelle to focus on in terms of the role of IFT27 and BBS4 in cell-cycle control.
It remains to be determined in which cell-cycle signaling pathway IFT27 functions, and future work will be directed toward this question. The overriding question is how and why an IFT polypeptide, moving rapidly along the length of the cilium in particles involved in ciliary assembly and disassembly, is involved in cell-cycle control. Our current hypotheses center around the possibility of IFT27 acting as a cell-cycle-repressive checkpoint protein, notifying ciliated cells, including most G0 cells in our body, that the cilium is present and therefore to hold up the cell cycle until the cilia are resorbed and the centrioles can be used in cell division.
Experimental Procedures
Strains and Culture Conditions Chlamydomonas reinhardtii strains used in this work included the following: wild-type strain CC125 and the IFT52 mutant bld1 (CC477) [10] , which were obtained from the Chlamydomonas Genetic Center (Duke Univ., Durham, NC; http://www.chlamy.org). Cells were grown on plates, in liquid Tris-acetate-phosphate or in M1 medium [40] at 18 C with a light-dark cycle of 14:10 hr, or in continuous light with constant aeration. Wild-type CC125 cells were transformated with the glass-bead method [41] .
Antibodies
Three antigens were used for making the polyclonal antibodies against IFT27. One was a synthesized peptide MVKKEVKPIDI TATLRC, encompassing the N-terminal 17 amino acids of IFT27. The other two were full-length IFT27 expressed in E. coli either with a maltose-binding protein (MBP) or 63 His tag on its N terminus. See the Supplemental Experimental Procedures for details.
Triton X-114 Partition Assay
The Triton X-114 partition assay of flagellar IFT27 was based on the method described in [42] . In brief, flagella were solubilized for 1 hr at 4 C in 1% Triton X-114 (Sigma). Samples were incubated at 37 C for 3 min and centrifuged at 12,000 rpm for 10 min. The aqueous upper phase and detergent-enriched lower phase were separated and extracted again with detergent and aqueous solutions, respectively. The four resulting samples were adjusted to equal volumes and detergent content, and proteins were precipitated with chloroform/ methanol [43] prior to western-blot analysis.
Sucrose Density Gradients Flagellar isolations and cytoplasmic extractions were the same as described in [4] . The NP-40 soluble fraction of flagella, i.e., the membrane plus matrix, was fractionated through 12 ml 10%-25% sucrose density gradients in HMDEK (10 mM HEPES [pH 7.4], 5 mM MgSO 4 , 1 mM DTT, 0.5 mM EDTA, and 25 mM KCl) in an SW41Ti rotor (Beckman Coulter) for 14 hr at 38,000 rpm. Gradients were typically fractionated into 24-26 0.5 ml aliquots.
Immunofluorescence Microscopy
Immunofluorescence staining was performed as described previously [44] . Preparations were photographed on a Nikon Diaphot inverted fluorescence microscope with an Image Point CCD camera (Photometrics) and the Metamorph software package.
Nucleic Acid Manipulations and Transformation
Two IFT27 RNAi constructs were used in this study. For the first approach, IFT27RNAi-1, a genomic fragment including 1551 bp upstream and 1111 bp of the IFT27 gene was fused to the first 570 bp of the cDNA in reverse orientation essentially as previously described [45] . In the second approach, IFT27RNAi-2, a DNA fragment including the forward partial IFT27 genomic gene (1-291 bp) and an inverted piece (67-133 bp) was inserted into the Maa7/X IR vector [18] .
For generating the IFT27::GFP construct, the full-length genomic DNA of IFT27, including 1.5Kb upstream promoter region (total 4 kb) was fused to the full-length GFP fragment [46] and 230 bp downstream 3 0 UTR. See the Supplemental Experimental Procedures for details of all constructs.
In Vivo Motility Recoding and Analysis
Before mounting on slides, IFT27::GFP transgenic cells were paralyzed with 20 mM NaPPi for the facilitation of imaging as described in [16] . IFT movement in the paralyzed flagella was recorded with a Nikon Eclipse TE2000 microscope equipped with a 1003, 1.4 NA objective lens and a forced-air-cooled Photometrics Cascade 512B with a CCD87 CCD camera. The light source was provided by an Argon Ion laser (National Laser Company) controlled by a MicroPoint Mosaic Digital Diaphragm System (Photonic Instruments). Images were collected at 100 ms per frame for up to 1 min. Differential interference-contrast (DIC) microscopy was performed for recording IFT in wild-type strains and IFT27::GFP transgenic strains with the same microscope as described above. The images were collected at 62 ms per frame for up to 30 s. Kymographs and movies were created with Metamorph software.
Phenotype Analysis of IFT27RNAi Knockdown Cells
The analysis of IFT27 RNAi cells began by confirmation of the knockdown of the RNAi transgenes through immunoblotting of whole cells with IFT27 antibody. Clones showing a reduced level of IFT27 were used for further phenotypic analysis. For generating growth curves, IFT27 RNAi clones and wild-type cells from fresh plate cultures were grown in 20 ml TAP media under continuous light with shaking. On day 5, a second set of cultures in M1 (minimal) media was inoculated by dilution of cells from the first series to 10 5 cells/ml and were cultured with aeration under continuous light for 7 days. Every 24 hr, samples were removed from each culture for later western-blot analysis and for manual counting of the percentage of cells having division and flagellar defects. Cell densities were determined with a hemocytometer or an Auto T4 Cellometer (Nexcelom Bioscience). 10% SDS-PAGE gels were used for separating the whole-cell proteins; 10 mg of each samples was loaded as determined by staining with amido black, with BSA as a standard [47] .
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